The cellular toxicity of copper is usually associated with its ability to generate reactive oxygen species.
INTRODUCTION
Early hypotheses on cellular copper toxicity were based on its ability to generate reactive oxygen species (ROS). [1] [2] [3] Later on it has been shown that copper accumulation and its toxicity increases in Escherichia coli and in Saccharomyces cerevisiae under anaerobic growth conditions, in which no oxygen is available for ROS generation, [4] [5] [6] and that copper toxicity is primarily due to the disruption of iron metabolism via non-ROS mechanisms. 7, 8 Most of the ROS-independent copper toxicity likely stems from copper thiolphilic nature, which favors its binding and/or the displacement of other metal ions or metal cofactors that are less tightly bound to thiolate or sulfide ligands, 9 as predicted by the Irving-Williams series. 10 Excess copper can therefore damage iron-sulfur (Fe/S) protein biogenesis [11] [12] [13] [14] as well as disrupt matured Fe/S cluster-containing metalloenzymes. 7, 15 Specifically, it has been shown that copper(I) ions: i) rapidly inactivate Fe/S cluster dehydratases in E. coli cells by displacing iron atoms from the solvent-exposed cluster of the dehydratases, leading to a non-functional enzyme; 7 ii) block the [4Fe-4S] cluster assembly process by targeting, in E. coli, the Iron-sulfur cluster Assembly protein (IscA), whose cluster binding site has a strong copper(I) binding affinity; 11 iii) target, in Bacillus subtilis, the sulfur mobilization protein U (SufU), 16 which loses its bound [4Fe-4S] cluster upon copper(I) addition. 14 Humans contain two highly homologous IscA proteins, named ISCA1 and ISCA2. Both of them are located in the mitochondrial matrix, being part of the mitochondrial Iron-Sulfur Cluster (ISC) assembly machinery and they are fundamental for the maturation of mitochondrial [4Fe-4S] cluster-containing proteins, [17] [18] [19] [20] via the formation of a heterocomplex. 21 Recently, we have characterized such system, showing that a ISCA1/ISCA2 heterodimeric complex is the functional unit that receive two [2Fe-2S] 2+ clusters from the physiological cluster-donor, the GLRX5 protein, 22 to assemble a [4Fe-4S] cluster prior to its transfer to the final target apo proteins. 21 The molecular mechanism through which the [4Fe-4S] cluster is formed remains, however, completely undefined. In particular, considering that the two ISCA proteins have three conserved cysteines which are all critical for their function in Fe/S protein formation, 23, 24 it is not known how they drive the [4Fe-4S] cluster assembly process. 25 Mitochondria of eukaryotic cells contain a large pool of copper(I) ions localized in the matrix, possibly bound to a soluble low molecular weight ligand (L), which accounts for around 70-85% of the total mitochondrial copper. 26, 27 Although the identity of the copper(I)-ligand complex (CuL) remains unresolved, 4 several experimental evidences showed that the mitochondrial matrix CuL pool is accessible to copperbinding proteins. 28 Specifically, it has been shown that targeting copper-binding proteins to the matrix attenuates the level of the CuL complex within the matrix, without affecting the total mitochondrial copper levels. 28 The mitochondrial iron-sulfur cluster (ISC) assembly machinery and, specifically, the ISCA1/ISCA2 and GLRX5 proteins responsible of the [4Fe-4S] cluster assembly process, 19, 29, 30 therefore operate in an environment that contains an accessible CuL pool. This raises questions whether misregulation of copper homeostasis can damage the mechanisms of Fe/S protein assembly in mitochondria, and how the mitochondrial labile CuL pool can avoid possible molecular damages to Fe/S protein maturation also under the physiological cellular conditions.
To describe, from a molecular perspective, the effects of copper toxicity on the mitochondrial Fe/S protein assembly process, we have investigated the still unknown mechanism of [4Fe-4S] cluster formation accomplished by mitochondrial ISCA1/ISCA2 and GLRX5 proteins and studied how copper(I) can impair various steps of this process. Specifically, we were able to define the role of the three conserved cysteines of 
EXPERIMENTAL SECTION

Protein production
The C79S, C144S and C146 ISCA2 mutants were obtained through site-directed mutagenesis (Agilent QuikChange site-directed mutagenesis kit) according to the producer's manual, using the Gateway® pETG-30A vector, containing the sequence coding for the full-length protein, as a template. 15 N-labeled and unlabeled GLRX5, ISCA1, wild-type and mutated ISCA2 human proteins in their apo and holo forms were obtained following previously described protocols. 21 N)Cys-selectively labeled samples in degassed 50 mM phosphate buffer, pH 7.0, containing 10% (v/v) D 2 O and 5 mM DTT. 5 mM GSH was also present in the buffer when GLRX5 protein was used to perform the NMR experiments. All NMR spectra were collected at 298 K, processed using the standard BRUKER software (Topspin 2.1) and analyzed through the CARA program. 34 1 H, 13 C and 15 N resonance assignment for GLRX5 and ISCA2 in their apo and holo forms were already available. 21, 31 To follow copper(I) and Fe/S cluster binding to protein, cluster transfer between proteins, cluster release from protein, and protein-protein interactions, chemical shift changes were followed in the UV/visible spectra were anaerobically performed in degassed 50 mM phosphate buffer at pH 7.0, 5 mM DTT, 5 mM GSH on a Cary 50 Eclipse spectrophotometer. The iron and inorganic sulfur content and the protein concentration were estimated following standard chemical assays described in 37 . Copper and iron content was quantified by inductively coupled plasma mass spectrometry (ICP-MS).
RESULTS
Fe/S cluster binding properties of ISCA2
ISCA2 contains three completely conserved cysteine residues in a CX n CGC sequence motif (n is usually 63-65, but it is increased by a 21-residue insert in some eukaryotic proteins such as in Saccharomyces cerevisiae cluster. 40, 41 UV/vis spectra confirm the NMR data interpretation as both C144S and C146S mutants show absorption peaks in the electronic spectra respectively at 320 (320), GLRX5 2 up to a 1:1 protein ratio (obtained considering that ISCA2 is a dimer in both apo and holo forms) and the cluster transfer process was followed by diamagnetic 2D cluster from GLRX5, which turns out to be in the copper(I)-bound state once 1.5 equivalents of copper(I) were added (Figure 4b) . Again, passing the final mixture on a small gel filtration column, it is observed that copper(I) is largely released to produce apo GLRX5 (Figure 4b ).
In the second experiment, either apo cluster bound to either GLRX5 or ISCA2. Once the equilibrium conditions are reached, copper(I) is preferentially bound to ISCA2 than GLRX5, since ISCA2 has higher affinity for Cu(I) than GLRX5.
In the third experiment, the apo ISCA1/ In conclusion, copper(I) can impair [4Fe-4S] cluster assembly at various levels, i.e. by occupying the cluster binding site on ISCA proteins or by removing the Fe/S cluster bound either to GLRX5 or to ISCA proteins. This is due to its high thiophilic nature, which is much higher than that of iron as predicted by the IrvingWilliams series. Therefore, the cellular concentration of free copper(I) needs to be tightly regulated in order to prevent the impairment of the mitochondrial ISC machinery.
DISCUSSION
A few recent studies on bacterial organisms have shown that copper(I) can dramatically interfere with ironsulfur cluster assembly pathways by acting as competitor, with iron/iron-sulfur clusters, for the same protein metal binding site. 11, 12, 14 Specifically, the [4Fe-4S] cluster assembly pathway involving iron-sulfur scaffold proteins, IscA and SufU, has been found to be copper-damaged. 11, 14 In eukaryotes, the ISCA-driven [4Fe-4S] cluster assembly process occurs in mitochondria, 47 which contain the largest pool of cellular copper ions in an accessible form, i.e. as a soluble low molecular weight ligand Cu(I)-complex (CuL). 26, 27 The arising query cluster-bound homodimeric form of GLRX5 efficiently transfer its clusters to homodimeric ISCA1 and ISCA2 via a specific protein-protein recognition mechanism based on a low-populated, cluster-mediated GLRX5-ISCA intermediate. 21, 31 We also showed that the formation of a cluster from GLRX5 by forming a transient, low-populated, cluster-mediated GLRX5-ISCA intermediate 21, 31 that presumably share GLRX5 and ISCA cluster ligands (species A' in Scheme 1),
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similarly to what it was already observed in protein-mediated, copper transfer processes. 51, 52 This clusterextraction mechanism from GLRX5 produces the formation of an ISCA2 species that binds the cluster via Cys 144 and Cys 146 (species A in Scheme 1). This A species is, however, transient and does not accumulate at enough levels to be observed, as, by chemically reconstituting the C79S ISCA2 mutant, no Fe/S cluster binding was observed. On the contrary, Cys 79 in not involved in the cluster transfer step, as the C79S 23, 24 We can then establish at the molecular level how free copper(I) ions interfere with the described [4Fe-4S] cluster assembly process. We have observed that the thiolphilic nature of copper(I) makes it able to occupy the Fe/S cluster binding sites of both ISCA proteins (as homodimeric ISCA2 and heterodimeric ISCA1/ISCA2) and GLRX5, being copper(I) more stably bound to ISCA proteins than GLRX5 (Scheme 1). A kinetically labile copper pool within the mitochondria was also confirmed by x-ray fluorescence microscopy. 56 Finally, considering that it has been proposed that CuL can be mobilized from the mitochondrial matrix to inner membrane space to be incorporated into COX17 and CCS, 
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